ABSTRACT Riemerella anatipestifer (RA) is one of the most important pathogens of 1-to 8-wk-old ducklings that severely affects the development of the duck industry in China. Every year, antibiotic medicines including tetracycline and doxycycline are used in the duck industry. Few reports compare the expression of multidrug-resistant genes in RA before and after addition of chemical drugs. With this in mind, the direct effects of gradient concentration of tetracyclines on the expression of tetracycline resistance genes (TETr) in RA at the cDNA level were studied by using a quantitative real-time PCR method. The expression of TETr, tetA, tetC, and tetM was investigated in ATCC11845 and in 30 RA isolated from different samples. Using a range of doxycycline concentrations up to 50% of the minimum inhibitory concentration (MIC), the optimal induction concentration of 0.0625 μg/mL was selected. Under the optimal inducible expression, concentrations of TETr, tetC, and tetM cDNA were detected in all isolates, and the highest mRNA expression level of TETr genes was shown. Additionally, the expression levels of 3 TETr
INTRODUCTION
Riemerella anatipestifer (RA) infection is a contagious disease in domestic ducks, geese, turkeys, and various other domestic and wild birds (Sandhu, 2008) . The pathogen primarily infects ducklings between the ages of 1 to 8 wk via digestive or respiratory tracts, causing lesions characteristic of air sacculitis, encephalomeningitis, or salpingitis; this results in significant weight loss and mortality rates up to 75% (Sandhu, 2008; Zhong et al., 2009 ). To date, more than 21 serotypes of RA have been isolated (Cheng et al., 2003) , and the genome sequence of RA has been completed (Wang et al., 2012) .
The current lack of a vaccine formulation that can protect against the different serotypes of RA highlights the importance of antibiotics in controlling this disease. Tetracyclines are broad-spectrum antibiotics that act at the ribosomal level to interfere with bacterial protein synthesis. Tetracyclines have good antibacterial effects and are widely used for the prevention and treatment of infections in the avian breeding industry; unfortunately, the widespread use of tetracyclines led to the increase of antibiotic drug resistance. Previous studies have reported that tetracycline resistance is conferred by one
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or some of the 36 currently described tetracycline resistance genes (TETr), which regulate 1 of 3 resistance mechanisms: an efflux pump, ribosomal protection, or direct enzymatic drug inactivation (Lateef et al., 2004) . Further studies have examined tetracycline resistance determinants in bacteria, but limited information exists regarding RA, which has been isolated from a variety of animal species (Bryan et al., 2004; Kwinn et al., 2007; Zhong et al., 2009) . Real-time quantitative PCR (qPCR) is an useful method for detecting of drug resistance gene expression (Cheng et al., 1996; Piddock, 2006) . The aim of this study was to investigate the mechanism of tetracycline resistance in RA through detecting TETr expression using qPCR.
MATERIALS AND METHODS

Bacterial Isolates and Antibiotic Susceptibility
A total of 30 RA isolates that originated from clinically infected ducks were collected from different regions of China, and were confirmed by PCR in our laboratory (Yang et al., 2007) .
Antibiotic minimum inhibitory concentrations (MIC) for the RA isolates were determined by the agar dilution method using Mueller-Hinton agar plates (Oxoid, Basingstoke, UK) supplemented with 5% (vol/ vol) sheep's blood for 18 to 24 h at 35 ± 1°C in a candle jar (approximately 3% CO 2 ). Escherichia coli ATCC25922 and Pseudomonas aeruginosa ATCC27853 cultures were used as reference strains. Briefly, bacteria in the exponential growth phase (TSB culture adjusted to 5 × 10 7 cfu/mL) were harvested by centrifugation, washed once in an equal volume of cold anaerobic sodium PBS, resuspended at a final concentration of 2 × 10 7 cfu/mL, and spotted onto Mueller-Hinton agar plates containing antibiotic concentrations of 0, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256 , and 512 μg/mL using a multipoint inoculating device (Microplanter, Sakuma Seisakusyo, Tokyo, Japan). All MIC determinations were performed at least twice for each isolate. A stock solution of oxytetracycline (5.12 mg/ mL in ethanol, provided by Sichuan Antibiotic Industrial Research Institute of Sinopharm Group, Chengdu, China) was used without filter sterilization according to the Clinical Laboratory Standards Institute (CLSI) interpretive criteria. The break points were S < 8 μg/ mL and R ≥ 32 μg/mL (CLSI, 2008) .
DNA Extraction and Detection of Antibiotic Resistance Genes
Total bacterial DNA was extracted using the CTAB (hexadecyltrimethylammonium bromide) method (Chachaty and Saulnier, 2000) .
The PCR was used to screen RA for TETr determinants previously characterized in other resistant bacteria. The PCR was performed using primers specific to 16 different genes (Aminov et al., 2004) 
, and tet (30) and sequenced by TaKaRa (Dalian, China). The accession numbers of tetA, tetC, and tetM in the National Center for Biotechnology Information are FJ711655, FJ711654, and FJ711656. Compared with previously reported corresponding sequences, the similarities of TETr genes were 99.9%. Polymerase chain reaction was performed in a 25-μL reaction containing 0.25 mmol dNTP, 2.5 μL of 10 × Taq DNA polymerase buffer, 0.4 nmol forward and reverse primers (Table  1) , 25 to 50 ng of genomic DNA, and 1 U of Taq DNA polymerase (Promega, Madison, WI) according to the manufacturer's instructions. A 3-step PCR cycling protocol was developed for the primer sets shown in Table  1 , which consisted of initial denaturation at 95°C for 5 min, followed by 32 cycles at 94°C for 50 s and 30 s of annealing and extension at 72°C, with a final extension at 72°C for 10 min.
Induction of tet Gene Expression Levels and RNA Extraction
The expression of tet genes in all 30 wild type isolates and ATCC11845 was induced by a concentration gradient of doxycycline, ranging from 0 to 50% of MIC.
For each isolate, an overnight culture grown in 10 mL of TSB broth was diluted to 1:100 in fresh TSB broth and incubated with shaking at 35°C until cells reached the mid-logarithmic phase of growth (optical density at 600 nm of 1.4 to 1.6). Cells were harvested by centrifugation and washed once with sterile distilled water, lysed by resuspension in sterile distilled water and lysis binding solution (Bio 101 Systems, Vista, CA), transferred into lysis matrix C tubes (Qbiogene, Carlsbad, CA), and vortexed twice for 45 s at speed level 6 in the FastPrep high-speed vortexer (Qbiogene). Total RNA was extracted using an RNAqueous-4PCR kit (Life Technology, Austin, TX) following the manufacturer's instructions. The RNA samples were treated with 2 U of DNase I (Invitrogen) per 50 μL of RNA at 37°C for 1 h to remove genomic DNA (Steuerwald et al., 2000) .
cDNA Synthesis
Reverse transcription was performed in a total volume of 20 μL using the First Strand cDNA synthesis kit for RT-PCR (Tiangen, Beijing, China) with 2 μL of RNA, and random primer p(dN)6, as recommended by the manufacturer. The cDNA was purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA) and quantified and analyzed by spectrophotometric measurement of the A260:A280 ratio.
Quantitative Real-Time PCR
The double-stranded specific DNA-binding dye, SYBR Green I, was used to detect amplicons (Eleaume and Jabbouri, 2004) . The oligonucleotide primers used in qPCR are listed in Table 1 . Optimal MgCl 2 concentrations and annealing temperatures were determined using FastStart DNA Master SYBR Green I (Tiangen) on the Lightcycler (Roche, Basel, Switzerland) using the following thermal cycling profile: 45 cycles of 95°C for 60 s, 58 to 65°C for 30 s, and extension at 72°C for 60 s. Melting curve analysis and gel electrophoresis of the PCR reaction was used to confirm the specificity of the products. The optimum melting temperature values are presented in Table 1 .
Quantification of gene expression was determined relative to a standard curve for each target gene, which was included in each LightCycler quantitative real-time PCR experiment. Standard curves were generated by denaturation at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, followed by an extension step at 72°C for 7 min. The samples were held at 4°C in the thermal cycler until retrieval. Standard curves were prepared for each gene (tetA, tetC, and tetM) by purification, and a 10-fold serial dilution was prepared of the respective amplicons. For qPCR, a master mix was prepared and 18 μL was transferred into each glass capillary with 2 μL of cDNA (test samples), PCR amplicon dilutions (standard curve), PCR-grade water (negative control), or purified RNA (genomic DNA contamination control). The PCR was performed as follows: denaturation at 95°C, followed by 40 to 50 PCR cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 10 s. The expression of each gene was calculated by reference to the standard curve and expressed as a ratio of target gene concentration relative to the expression of the GyrA housekeeping gene (Kwinn et al., 2007) by the LightCycler software using the 2 −ΔΔCt method (Livak and Schmittgen, 2001) . All values represent the mean ± SD of 3 separate experiments performed on the same RNA preparation.
RESULTS
Antibiotic MIC Determinations
In this study, we examined the antibiotic resistance profile of RA to tetracycline and doxycycline. Tetracycline MIC for the bacterial reference strains agreed with the CLSI values. Based on the MIC data, 3 strains were considered to be tetracycline resistant, 8 strains were considered to be mildly resistant, and the rest of the strains were tetracycline sensitive. Twenty of the isolates were resistant to doxycycline. Three isolates were mildly resistant to doxycycline, and the rest of the strains were doxycycline sensitive. However, all expressed 1 TETr gene and 2 expressed 2 TETr genes (Table 2) .
Specificity and Sensitivity of tetC, tetA, tetM, and GyrA Light-Cycler PCR
The specificity and efficiency of each gene-specific PCR was determined using the LightCycler melting curve analysis. The MgCl 2 concentrations and annealing temperatures of each PCR were systematically adjusted until the melting curve analysis revealed a single fluorescent peak at the expected temperature and formation of primer dimers was inhibited.
Induction of tet Gene Expression
The tetA, tetC, and tetM could not be expressed when isolates were cultured in the absence of tetracyclines. When isolates were cultured with 0.0625 μg/ mL of doxycycline, TETr gene expression markedly increased, but with further increase concentration of doxycycline in the culture media, the expression levels of TETr genes decreased. When isolates were cultured with 1/2 MIC of antibiotic, the expression of TETr and the growth of RA were strongly inhibited ( Figures  1, 2, and 3 ). Both tetC and tetM genes were detected in isolate R17 by PCR; however, tetM cDNA was not detected at any concentration of doxycycline.
Expression Difference of tetM
The expression level of tetM in isolate RA1 and tetC in ATCC11845 were defined as 1. When the relative expression of tetM and tetC was compared in all the bacterial strains and isolates, we observed a correlation between the level of resistance and the expression of TETr. Isolates were ranked on a scale from low to high antibiotic resistance levels (Figures 4 and 5) .
DISCUSSION
Tetracyclines are broad-spectrum antibiotics due to their wide range of action. In this study, 26 isolates were resistant to doxycycline; however, after TETr genes were introduced to tetracycline, 5 isolates with low levels of TETr genes had increased levels of resistance. According to Dégrange et al. (2008) , these isolates were classified as drug resistant. Tetracyclineresistant efflux genes belong to the major facilitator super family. Efflux proteins are membrane-associated proteins that recognize and export tetracycline from the cell. TetM encodes a cytoplasmic protein, which has sequence homology to the elongation factors EFTu and EF-G. Additionally, protective proteins can bind to the ribosome, causing an alternate ribosomal conformation that prevents tetracycline from binding (Jin et al., 2002; Piddock, 2006) . The TETr genes have been detected in many bacteria (Aminov et al., 2002; Stine et al., 2007) . The Tet efflux pump is alternatively transcribed from the tet repressor protein (tetR) gene. The TetR and Tet efflux pump promoters overlap and share a common regulatory region. In the absence of tetracycline, tetR binds as a dimer to 2 operator sites, blocking the transcription of both the tet efflux pump and tetR genes.
The affinity of TetR for tetracycline is high (Roberts, 1996; Babykin et al., 2003) . In this study, TETr genes could not be detected when the isolates were cultured without tetracyclines. At 50% of the MIC of doxycycline, the growth of RA was slow when it was cultured with 50% MIC of doxycycline, and it could be completely inhibited with the full MIC. When cultured with 0.0625 μg of doxycycline/mL, the growth of RA was not inhibited and the highest TETr expression level was observed. Consequently, 0.0625 μg of doxycycline/mL was selected as a suitable concentration to This study suggested that 2 types of TETr gene were detected both in RA14 and RA17 isolates. The high expression level of 2 efflux genes, tetA and tetC, in RA14, as well as tetC and tetM in RA17, was observed. The MIC for RA14 was much higher than that of the other isolates, whereas the MIC for RA17 did not differ from the other isolates. The expression of tetM was not detectable in RA17. These data suggest that tetC offers more effective resistance to doxycycline than to tetracycline, possibly via the induction of doxycycline efflux to inhibit tetM expression. Additionally, the resistance of tetC efflux expressing strains was stronger than that of tetM-expressing strains. According to the CLSI, isolates that are sensitive to tetracycline are considered sensitive to doxycycline. Doxycycline is a newer drug than tetracycline, and different results were obtained for each drug in this study. This current study indicates that doxycycline resistance is more specifically linked to tetC expression than tetracycline resistance. The induction of the resistance pump is the major tetracycline resistance mechanism in RA.
